, water -extractable magnesium; Mg HCl , HCl-extractable magnesium; P 400 , single point P adsorption, P H2O , water-extractable phosphorus, P HCl , HClextractable phosphorus, P Olsen, sodium bicarbonate-extractable phosphorus 
INTRODUCTION
Many of the agricultural soils in Manitoba are calcareous because they are derived mostly from fragments of limestone rocks. Therefore, substantial amounts of P applied to soils precipitate due to the reactions between Ca and P rendering P only sparingly soluble. Manitoba soils with Olsen P that is less than 10 mg kg -1 are considered low in available P for crop production (Manitoba Soil Fertility Guide 2007) . Fixen et al. (2010) reported that 57% of Manitoba soils do not have sufficient P for optimum crop production. On the other hand, P loads from agricultural lands contribute to P enrichment in surface waters and therefore eutrophication of surface water resources (Sharpley et al. 2001) . Therefore developing strategies to enhance P fertilizer efficiency would have both agronomic and environmental benefits in Manitoba. On a global scale, calcareous soils are widespread and important for agricultural production in many areas of the world. Therefore, the efficient use of P fertilizers is necessary to enhance agricultural productivity worldwide and also to conserve the finite P resources in the world.
Phosphorus fertilizer efficiency depends on the complex chemical and physical properties of soils and the processes that take place in the fertilizer band such as precipitation and adsorption. Therefore, P fertilizer efficiency can be improved by either managing P sources or managing soil properties to modify the reactions in the P fertilizer band. Previous studies have suggested that anion competition between phosphate and anions such as sulphate and carbonate in the fertilizer band can increase P solubility in model calcareous soils (Olatuyi et al. 2009b) and real soils (Kumaragamage et al. 2004) . In a recent study, Manimel Wadu (2015) confirmed anion competition between sulphate and phosphate for Ca by identifying CaSO 4 that was formed in a Dezwood Loam soil that was treated with sulphate salts and monopotassium phosphate (MPP). These authors also reported that the addition of a sulphate salt to MPP not only increased the solubility of P but that a new species of P, different from dicalcium phosphate dihydrate was formed. Therefore, further studies are needed to better understand the response of different Manitoba soils to sulphate salt application with P. In addition to the enhanced P fertilizer efficiency, application of sulphates with P can facilitate balanced nutrition for crops. Sulphur is often the most limiting plant nutrient in crops after N and P in the Prairie Provinces of Canada, particularly for canola (Malhi et al. 2005) . Therefore formulating P fertilizer bands with sulphates may be beneficial for crop growth in prairie soils. Sulphur needs to be an integral part of balanced fertilization with other nutrients to obtain optimum yield of high-quality canola seed (Asare and Scarisbrick 1995; Malhi and Gill 2002) .
To date, only a few studies have been conducted on Manitoba soils to investigate the potential of anion competition to enhance P solubility. Hammond (1997) reported that ammonium sulphate was the most effective salt at increasing P availability in a silty clay loam soil (Riverdale association) in Manitoba when banded with monoammonium phosphate (MAP)
fertilizer. Kumaragamage et al. (2004) found that the solubility of monocalcium phosphate (MCP) was enhanced in an Almasippi loamy sand soil by more than two-fold when MgSO 4 or (NH 4 ) 2 SO 4 was applied with MCP. Olatuyi (2006) reported that the co-application of K 2 SO 4 , MgSO 4 and (NH 4 ) 2 SO 4 salts modified the chemical interactions of MPP in the soil-P reaction zone of two Manitoba soils, Ramada loam, and Dezwood loam soils. Moreover, some of the previous studies have shown the effect of NH 4 + -N on the solubility and uptake of P in Manitoba soils (Sangakkara et al. 1987; Flaten 1989; Kumaragamage et al. 2004) . To date, a comprehensive study with various Manitoba soils has not been conducted to investigate the effect of co-application of salts with phosphate fertilizer on the solubility of P. Phosphorus concentration at the root surface and the ability of the soil solid phase to replenish it are partially controlled by soil water content, pH, CaCO 3, clay content and the amount of readily available P. Ige et al. (2005) in a study with one hundred five soils showed that Manitoba soils have varying amounts of exchangeable cations, CaCO 3 content, texture and P sorption parameters. Due to varying soil properties, a single P fertilizer treatment may not be effective in all Manitoba soils. Salts co-applied with P will undergo various reactions with soil constituents and/or ions in the soil solution. Therefore, soil dependent responses should be investigated for different salts under consideration to determine the most promising salts for enhancing P solubility in various Manitoba soils. Co-application of sulphate salts with P will further enhance the potential effectiveness of the fertilizer band since sulphate-S containing fertilizers have been popular choices for producers for high-S-demanding crops (Malhi et al. 2005 ).
The objectives of the current experiment were to: 1. identify the responses of 10 Manitoba soils to the application of sulphate or carbonate salts with MAP or MPP and, 2. identify key soil properties that can be used to explain the responses to dual fertilizer band application. In this study, it was hypothesised that: 1. application of sulphate or carbonate salts enhances P solubility in a fertilizer band applied to Manitoba soils, 2. soil properties have an effect on reactions in the fertilizer band thereby resulting in varying responses to salt application with P. The information gathered from this study will help to identify the fertilizer management practices that have the potential to improve P fertility in Manitoba soils as well as in other neutral to calcareous soils in the great plain. 
MATERIALS AND METHODS
Ten Manitoba soils namely, Osborne (OBO), Red River (RIV), Ladywood (LDW), Glenhope (GHP), Balmoral (BAM), St. Claude (SUE), Eigenhof (EGF), Thalberg (THG), Ramada (RAM) and Scanterbury (SCY) were used. Soil samples obtained from 0 -15 cm depth were air dried and gently crushed to pass a 2 mm sieve before being used in the experiment. The ten soil types were selected based on the varying amount of Ca and Mg contents in these soils.
Soils were classified as Humic Gleysol (OBO, BAM), Black Chernozem (RIV, GHP, SUE, EGF, RAM, SCY) and Gray Chernozem (LDW, THG) soils.
Laboratory Incubation Study
An incubation experiment was conducted using the ten soil types, two sources of P and four salts. Plastic sample cups with a volume of 120 mL were used as soil containers during the incubation. Monoammonium phosphate or MPP was mixed with either K 2 SO 4 , (NH 4 ) 2 SO 4 , MgSO 4 , or (NH 4 ) 2 CO 3 to achieve different salt mixtures as given in Table 1 . The treatments abbreviation shown in Table 1 were used to denote each treatment hereafter. Reagent grade salts in powder form were used for all treatments and were thoroughly mixed to obtain a wellhomogenized mixture before they were applied to the soil. Salts were applied at the concetrations given in Table 1 to simulate fertilizer bands applied to soils (Olatuyi et al. 2009a (Olatuyi et al. , 2009b .
Twenty-five grams of processed soil were weighed into the sample cups and wetted to water content at field capacity ( Table 2 ). The soils were left for 24 hours to equilibrate and after that salt mixtures were applied uniformly to the soil surface without further mixing the salt mixture with soil (Table 1) . Both P sources were applied at a rate of 818 mg P kg -1 soil to simulate a dual fertilizer band. The sample cups with soils were closed with lids having holes triplicates and replicates of all treatments were blocked in time during the incubation since each set of replicate contained a large number of samples. A control experiment was carried out using each soil in triplicate without applying any amendment to identify the changes of native soil P during the incubation period.
Soil Sampling and Extraction
At the end of two weeks of incubation, the soil in the sample cup was thoroughly mixed and 5 g was sampled for pH, water-extractable P and acid-extractable P. Approximately 10 g of soil was used to determine the gravimetric water content by the thermo-gravimetric method (Gardner 1986 ). To measure soil pH, 5 mL of deionised water was added to 5 g of soil in a centrifuge tube which was then placed on a vortex mixer (Fisher Vortex Genie 2 TM , Fisher Scientific Ltd.) for 60 s. The mixture was then allowed to equilibrate for 60 s and the pH was measured using a pH meter fitted with a combination electrode (Accument Model AR50 digital pH meter, Fisher Scientific Ltd.). The pH electrode was then rinsed with 10 mL of water into the centrifuged tube and additional 10 mL of water was added for a total water volume of 25 mL.
The mixture at a soil-to-solution ratio of 1:5 was then shaken for 1 hour at 120 strokes per min and centrifuged at 1930 × g for 10 min. The clear solution was filtered (Whatman No. 42 filter paper, Fisher Scientific Ltd.) and defined as the "water-extractable P fraction" (Olatuyi et al. 2009a ). Following water extraction, the same soil sample was extracted with 1 M HCl. Two strokes and centrifuged at 1930 × g for 3 min. The total acid extractant was defined as "acidextractable P fraction". It was assumed that the water-extractable fraction was composed of mobile or readily soluble P phases in soil while the acid-extractable fraction contained immobile or more stable solid phases of P in the soil. Inorganic P in both the water-and acid extracts were determined by the ascorbic acid-ammonium molybdate method of Murphy and Riley (1962) .
Laboratory QA/QC procedure included repeating every 10 th sample and analysing a laboratory reference sample and a blank sample once after a set of 20 samples.
Determination of Background Soil Properties
Soil pH was determined using 2 g of soil in 2 mL of deionized water. Carbonate content was determined using the gravimetric analysis which is based on the reaction of HCl with carbonate and gravimetric loss of CO 2 from the sample as described in a method by the U.S.
Salinity Laboratory Staff (1954).
The water-extractable Ca, Mg, Na, K were determined by extracting 2 g of treated soil with 25 mL of deionized water after shaking for 1 hour at 120 strokes per min. Acid-extractable Ca, Mg, Na, K were determined by extracting a separate subsample of 2 g of soil with 25 ml of 1M
HCl after shaking for 1 hour at 120 strokes per min. The exchangeable Ca, Mg, Na, K were determined using the ammonium acetate method (McKeague 1978) . Estimated cation exchange capacity (CEC E ) was calculated as the sum of exchangeable Ca, Mg, Na, K.
The water-extractable P in untreated soils (P H2O ) was determined by extracting 2 g of soil with 20 mL of deionized water and shaking the suspension for 1 hour on a reciprocating shaker . Acid-extractable P in untreated soils (P HCl ) was determined separately by extracting 2 g of soil using 20 mL of 1M HCl. The soil suspension was then shaken for 1 hour at 120 strokes per min and filtered using Whatman® No 40 filter paper. The sodium bicarbonateextractable P (P Olsen ) of the untreated soil was extracted by adding 20 mL of 0.5 M NaHCO 3 (pH = 8.25) and 0.25 g charcoal to 1.0 g of soil sample (Olsen and Sommers 1982) . The soil suspension was shaken for 30 min at 120 stokes per min and filtered using Whatman® No 40 filter paper. Phosphorus in all three extracts was determined colorimetrically (Murphy and Riley 1962) .
As an estimate of the P adsorption maxima, a single point adsorption experiment (P 400 ) was conducted at 400 mg P L -1 concentration (Ige et al. 2005) . Two grams of air-dried soil were weighed into 50 mL centrifuge tube and 20 mL of P solution in 0.01 M KCl was added. Two drops of toluene were added to inhibit microbial activity and the suspension was placed on an end-to-end shaker. Samples were shaken for 24 hours at room temperature and then centrifuged at 3000 × g for 10 min and filtered through a 0.45 µm Millipore filter. Phosphorus in solution was determined colorimetrically (Murphy and Riley 1962) .
Statistical Analysis
Univariate statistical analyses were used to independently assess each variable (soil properties and extractable P data).The chemical variables were evaluated by skewness coefficient, p value for the Kolmogorov-Smirnov normality test, and by plotting histograms.
Those variables that were not normally distributed were log transformed. Analysis of variance (ANOVA) tests were conducted on the water-extractable P and pH data using PROC MIXED procedure of SAS software for Windows, version 9.2 (SAS Institute, Inc., Cary, NC). The PROC MIXED procedure was treated as a split-split-plot design whereby soil type is the main plot and Although replicates were blocked in time, the blocking effect was not significant. Mean comparison was conducted using Tukey test at the 5% level of significance. Principal component analysis (PCA) was performed using PROC FACTOR procedure in SAS 9.2 to identify underlying multivariate components that may be influencing P solubility in soils. Factor analysis was done using correlation matrix on the standardized values to eliminate the effect of different units of variables. The final component structure was non-rotated and only the principal components with eigenvalues greater than one were selected (Kaiser 1960) . Correlation analyses were performed for water-extractable P in treated soils and soil properties including ammonium acetate-extractable Ca, Mg, K and Na, HCl-extractable Ca and Mg, pH, P 400 , %carbonate content
and CEC E .
RESULTS

Background Soil Properties
The pertinent properties of the soils used in this study are presented in Table 2 . The RAM soil had the smallest pH (pH of 5.7) while the greatest pH of 7.9 was measured in THG soil. The average pH for the 10 soils was 7.2, and it was similar to the average pH reported for Manitoba soils by Ige et al. (2005) . The carbonate content in these soils ranged from 0.6% (SUE, RAM and EGF) to 8.6% (LDW) with an average of 3%. The smallest CEC E (20 cmol c kg -1 ) was measured in SUE, a loamy sand soil with relatively low clay content. The greatest CEC E was measured in the heavy clay and clay loam soils such as OBO, THG and BAM. cations of the 10 soils used in this study. The greatest amount of water extractable Na (Na H2O ) was also measured in THG soil. Therefore, the reason for the highest pH in THG soil may be the presence of larger amounts of dolomite and NaHCO 3 compared to the other soils. Most of the K in soil was present in the exchangeable form rather than the water-extractable form while Na was present equally in ammonium acetateextractable and water-extractable pools.
The P 400 value varied between 300 mg kg -1 and 930 mg kg -1 in the current study (Table 2 ).
Zhou and Li (2001) have shown that the P sorption value estimated from P 400 was strongly correlated with the Langmuir P sorption maxima for calcareous soils. The wide variation in soil properties such as CEC, exchangeable cations, %carbonate content and texture can collectively result in such variation in P 400 . The P H2O in our soils ranged between 1.4 mg kg -1 and 14.5 mg kg (Fig. 2) . Although the Eigenvalues of the third and fourth PCs were greater than 1, they accounted for only 11% and 6% of the total variation, respectively. Therefore, only the first two PCs were considered in this discussion. As illustrated in Figure 2 , most of the soil properties loaded heavily on PC1 showing that they are evenly and highly correlated to PC1. The lack of spread of variable loadings across the two extracted components and the overwhelming concentration of significant variables (variables with coefficient ≥ ± 0.5) in PC1 affected the interpretation of soil properties data structure. However, PCA results showed that pH and pH related soil properties were not closely related to P 400 as much as the CEC E and CEC E related properties. Surprisingly, the Ca H2O although present in relatively large amounts, was not a major factor for P retention in our soils as revealed by the results of PCA. Bivariate correlation analysis showed that P 400 was strongly related to pH (r = 0.74, p < 0.01), %carbonate content (r = 0.65, p Table S1 ).
The PCA scores showed some differentiation among soil series based on soil properties (Fig. 2) . The soils with a loamy texture like SUE, RAM, EGF and GHP were positioned close to each other on the negative side of the PC1 while the fine textured soils were positioned on the positive side of the PC1. Therefore, soils were separated based on soil textural changes by PC1.
The LDW soil was located in between the two soil groups indicating intermediate soil properties
in LDW soil compared to the other soils. The LDW soil had a very fine sandy loam texture but exhibited more calcareous soil properties such as high amounts of carbonate, Ca EX and high pH similar to the fine textured soils ( Table 2 ). The four soils types RAM, EGF, BAM and RIV were separated from other soils by PC2 probably due to the lesser amount of carbonates in these soils than other soils (Table 2) . 
Soil pH
The results of ANOVA showed significant effects of P source, soil type and treatment on soil pH (Table 3 ). The significant interactions among these factors indicate that the combinations of factors influenced the soil pH differently. In general, the application of MAP resulted in a lower pH in all soil types compared to MPP (Fig. 3b 3c) . The application of both MAP and MPP significantly reduced the pH in all soils compared to that of the control soil except in RAM (Fig.   3 ). The pH range in soils that were treated with MPP ALONE was between 7.3 and 5.6 while that of MAP ALONE was between 6.7 and 5.2. The THG soil had the greatest pH with both P sources. The RAM and EGF soils had the smallest pH with MPP ALONE and MAP ALONE, respectively. Moreover, RAM soil had the lowest initial pH of 5.7 amongst the ten soils. The EGF soil also had a relatively low pH with both P sources, but the response in pH varied with the P source. Application of MAP ALONE significantly reduced the pH in EGF soil compared to that of the control soil while the application of MPP ALONE did not make a significant change in soil pH.
Soil pH was significantly decreased in most of the soils when the salts were applied with P as compared to when P was applied alone. The pH variation among treatments in most of the soils was greater when salts were applied with MPP, but relatively smaller pH changes were observed when salts were applied with MAP ( (Fig. 3b) . Application of MAP might have already suppressed the pH in most of the soils to the lowest possible pH and as a result, significant pH changes were note observed between MAP alone and MAP with salts treatments.
Water-Extractable P Concentration in Soils
Water is known to extract more labile P forms in the soil (Preush et al. 2002; He 2011) whose dynamics may not mimic forms removed by more traditional extracts such as Olsen and
Mehlich-3 (Ige et al. 2011 ). Water-extractable P concentration was affected by the main effects of P source, soil and treatment (Table 3 ). The water-extractable P in the control soils was in the range of 0.2-1.5 mmol L -1 (Fig. 4) . Application of P caused a significant increase in waterextractable P which was in the range of 7 mmol L -1 (SCY) to 37 mmol L -1 (SUE) about a 10-170
fold increase compared to either MPP ALONE or MAP ALONE. The water-extractable P content in RAM, EGF, SUE and GHP soils was greater than other soils (> 20 mmol L -1 ) when treated with either MPP ALONE or MAP ALONE. Water-extractable P expressed in mg kg -1 is included in supplementary materials ( Supplementary Fig. S1 ).
A significant increase in water extractable-P was measured in some soils with the coapplication of (NH 4 ) 2 SO 4 or MgSO 4 with P. The addition of MgSO 4 to MAP resulted in a significant increase in the water-extractable P in BAM, OBO and RIV while the application of (NH 4 ) 2 SO 4 significantly increased P solubility in BAM and SUE soils compared to MAP ALONE. There was a significant increase in water-extractable P when (NH 4 ) 2 SO 4 was added with either MAP or MPP to SUE. Unlike the sulphate salts, co-application of (NH 4 ) 2 CO 3 with P did not significantly increase water-extractable P concentration in most of the soils compared to the MPP ALONE and MAP ALONE (Fig. 4) .
Correlation analysis revealed that background soil pH was not significantly related to the water-extractable P in each treatment (Table 4) . Similarly, soil pH at the end of incubation was not related to the water-extractable P under each treatment (r ≤ -0.40, p ≥ 0.24). Soil properties such as P 400 , %carbonate content and CEC E were strongly related with water-extractable P. HClextractable and ammonium acetate extractable Ca and Mg also showed a significant correlation with the water-extractable P in each treatment. Specifically, Ca HCl :Ca EX ratio showed a significant relationship with water-extractable P in each treatment that contained MAP and salts.
Among all the soil properties, P 400 explained 42-64% of the variation in water-extractable P in soils treated with MAP ALONE and MAP with salt treatments (Fig. 4a) .
The percentage change in water-extractable P concentration within salt treatments relative to water-extractable P in P alone treatments are illustrated in Figure 5 . The percentage change in water-extractable P concentration varied widely with a range of 44% to -62%. There was a greater percentage increase in water-extractable P with MAP than with MPP. Correspondingly, the percentage decrease in water-extractable P was larger with MPP compared to MAP.
Therefore only the treatment effect of MAP ALONE and the salt treatments with MAP will be discussed in the ensuing sections. The specific effect of MPP ALONE or salt treatments with MPP will be discussed only when the soil response varies from that of the corresponding treatment with MAP.
According to the percentage change in water-extractable P in soils, it is possible to identify three groups of soils to further explain P behaviour in our soils with respect to the salt application. Application of sulphate salts enhanced P solubility in soils in group 1 by a factor of 6% to 44% whereas, application of (NH 4 ) 2 CO 3 reduced water-extractable P of this soil group irrespective of the P source. In contrast, soils in group 2 showed an increase in P solubility (11% to 14%) when (NH 4 ) 2 CO 3 was added to MAP and these soils showed a negative response to sulphate salt application. As illustrated in Figure 6 , soils with Ca HCl :Ca EX ratio of 2-4 showed an increase in water-extractable with either sulphate or carbonate salts (i.e. soils in group 1 and 2). The only exception is SCY soil, which did not show a significant increase in water-extractable P due to salt application although Ca HCl :Ca EX was 4.2. The soil with Ca HCl :Ca EX ratio greater than 11
showed a negative response to salts application (i.e. LDW and THG).
DISCUSSION
Solubility of phosphorus in Manitoba soils in relation to soil properties
The alkaline and calcareous nature of most of the soils is evident from the measured soil properties. Carbonate content in Manitoba soils that were used in this study varied over a wide range similar to the results shown in previous studies (Ige et al. 2005; Racz and Soper 1967) .
Although Manitoba soils have developed from calcareous parent material, soil development and leaching processes can lead to varying amount of carbonate content in soils. As revealed by the PCA results, P 400 was strongly related to CEC E and Ca EX and Mg EX confirming the governing role of Ca EX and Mg EX on P retention. The sum of Ca EX and Mg EX explained 78% of the variation in P 400 in the current study (data not shown) while Ige et al. (2005) reported that the sum of exchangeable Ca and Mg accounted for 64% of the variation in P sorption parameter of Manitoba soils. Akinremi et al. (1991a; 1991b) showed that the greater the CEC, the greater was The heavy clay soils such as THG, OBO, SCY, RIV and BAM had a greater P 400 than other soils with a coarse texture indicating low solubility of P in these soils when treated with either MPP or MAP (Table 2 and Fig. 4 ). These soils also contained a greater amount of Ca EX than other soils (Fig. 1a) . Our results are in agreement with Ige et al. (2005) who showed that the retention of P in Manitoba soils was influenced mainly by Ca, Mg and soil texture.
The greatest water-extractable P concentration in SUE soil with MAP ALONE and MPP ALONE treatments was indicative of low P retention capacity in this soil compared to the other soils. The smallest CEC E was reported for the SUE soil while Ca EX was significantly smaller than most of the soils used in this study (Table 2 ; Fig. 1a ). Following the SUE soil, the greater solubility of MPP and MAP was found with RAM, EGF and GHP which also possessed smaller CEC E and relatively low P 400 compared to other soils ( Table 2 ). The LDW soil, which showed intermediate properties between heavy clay and coarse textured soils (Fig. 2) , showed a different response to MAP ALONE than with MPP ALONE treatment. The greatest %carbonate content and the greatest Ca HCl :Ca EX in this soil make it distinct from the other coarse-textured soils although P 400 value is also low. The concentration of P in LDW with MPP ALONE was about twice than that of MAP ALONE indicating the effect of one unit pH difference between MPP ALONE and MAP ALONE treatments on P solubility (Fig. 3c) .
Application of MPP and MAP caused a significant pH reduction in all soils except in the RAM soil. Soil pH reduction due to the application of MAP and MPP in soil (Lambert et al. 2007 ; Levi-Minzi et al. 1984 ) and model calcareous soils (Olatuyi et al. 2009a MgSO 4 were applied with MCP and acidification effect of (NH 4 ) 2 SO 4 was partly attributed to the nitrification of NH 4 + in the soil solution. However, obtaining soil samples right from the salt application site would have provided more insights into the pH changes by the salt application in the current study.
Salt Effect on Phosphorus Solubility in Relation to Soil Properties
Results of the current study indicate that the changes in P solubility due to the addition of sulphate and carbonate salts were soil dependent unlike the results obtained in a model soil system by Olatuyi et al. (2009b) . Investigating P behaviour in different soil groups is important due to the significant interaction between soil and treatment effects. Most of the soil properties given in Table 4 showed significant negative correlations with the water-extractable P measured in soils treated with different P and salt combinations. As such it was not possible to clearly differentiate between the roles of sulphate or carbonate salts on P solubility using any of those soil properties. However, close consideration of similarities among soils in each group provided some insight into the varying soil responses to the salt application with P. Similarities regarding Ca EX , Ca HCl and soil pH were identified among soils in a particular group although exceptions also occurred within some soil groups. There can be some more important soil processes and key mechanisms that can be related to varying soil responses to salt application besides the soil properties given here. Since organic matter dynamics, microbiology and physical properties were not extensively measured in the current study, some important soil processes may not have been revealed. The following section will elaborate some important soil properties and similarities among soils within each group based on the soil properties measured in the current study.
Soil Group 1: RIV, OBO, BAM and SUE soils (positive response to sulphate salt but a negative response to (NH 4 ) 2 CO 3 application with P)
Application of sulphate salts with P was an effective method of enhancing P solubility in this group of soils. Soils in this group showed a 6-40% increase in water extractable P, with RIV and OBO always having an increase higher than 20% (Fig. 5b) . The three fine textured soils in this group (OBO, RIV and BAM) have high CEC E as well as high Ca EX contents (Table 2 and Fig. 1a) . The presence of greater amounts of Ca EX in these soils is an indication of their potential to form CaSO 4 in the presence of a sulphate salt. The increased solubility of P by sulphate salts in this group of soils is hypothesized to be due to anion competition between sulphate and phosphate for precipitation reactions with Ca released from the exchange complex as confirmed by Manimel Wadu (2015). The amount of Ca EX in OBO, RIV and BAM soils was two-fold greater than that of SUE soil (Fig. 1) . Thus, the smallest percentage increase in water-extractable P upon adding the sulphate salts to SUE can be attributed to the smallest amount of Ca EX in this soil. Ige et al. (2011) The soils in this group contained a smaller amount of Ca HCl compared to the other soils (Fig. 1 ). There was a 10-14% increase in the water-extractable P in these soils when (NH 4 ) 2 CO 3 was added with MAP (Fig. 5b) . The application of sulphate salts with MAP promoted P precipitation reactions in the soils in this group, instead of the expected positive response due to anion competition (Manimel Wadu 2015) . However, compared to the soils in groups 1, soils in this group contained less Ca EX (Fig. 1a) pH. However, a substantial difference between the percentage increase in water-extractable P was not found in GHP soil compared to RAM and EGF due to the application of (NH 4 ) 2 CO 3 with P.
The investigation of the exact mechanism by which SO 4 2-reduced the solubility of P in GHP warrants further study. In contrast to our results, Olatuyi et al. (2009a) reported that the application of (NH 4 ) 2 SO 4 and (NH 4 ) 2 CO 3 with MPP and MAP enhanced P solubility at the application site of a model calcareous soil. They postulated that the formation of CaSO 4 and CaCO 3 reduced the precipitation of P by Ca 2+ upon adding (NH 4 ) 2 SO 4 or (NH 4 ) 2 CO 3 to P fertilizer. The exact mechanisms by which sulphate salts promoted P precipitation could not be ascertained with the measured soil properties in the present study.
Soil Group 3: SCY, THG and LDW soils (negative response to sulphate salt and (NH 4 ) 2 CO 3 application with P)
The soils in this group contained a greater amount of Ca HCl than the other soils (Fig. 1c) . In such a situation, the application of salt can have a negative effect by solubilising carbonate which Ca EX amongst the three soils in this group (Fig. 1a) . That may be the reason for the lowest waterextractable P concentration measured in SCY soil with both P sources due to the precipitation of P by high levels of Ca in the soil solution, which stems from the high Ca EX . Although the reduction in P solubility with the application of salt with P was characteristic of this group, application of MgSO 4 did not decrease water-extractable P in SUE soil compared to MAP ALONE treatment (Fig. 5) .
The negative impact of (NH 4 ) 2 CO 3 on the solubility of P in soils of this group could be due to the reactions that are unique to calcareous soils. Fenn and Kissel (1979) reported that ammonium compounds react with the solid-state CaCO 3 when applied to the surface of a calcareous soil. They have shown that (NH 4 ) 2 CO 3 is unstable in calcareous soils and decomposes to NH 3 , CO 2 and H 2 O. Therefore, co-application of (NH 4 ) 2 CO 3 and P fertilizer may not enhance P solubility in calcareous soils. The increased partial pressure of CO 2 in the soil environment can lower soil pH causing further dissolution of CaCO 3, releasing more Ca for precipitation reactions with P following the application of (NH 4 ) 2 CO 3 . Therefore, the negative response to salts application with P in soils of group 3 may be attributed to the possible dissolution of carbonates , the increase Ca in soil solution due to cation exchange reactions and instability of (NH 4 ) 2 CO 3 in calcareous soils. The exact mechanism by which SO 4 2-reduced the solubility of P in soils in this group is not clear.
General Relationships between Soil Properties and Salt Effect on Phosphorus solubility
In general, a negative effect of sulphate and carbonate salts was observed when salts were applied to the soils with a high amount of Ca HCl (i.e . THG, LDW and SCY). The soils with high Ca EX and low Ca HCl showed a positive response to sulphate salt application but a negative response to (NH 4 ) 2 CO 3 application (i.e. RIV, OBO, BAM and SUE). In contrast, soils with low Ca EX and low Ca HCl showed a positive response to (NH 4 ) 2 CO 3 application but a negative response to sulphate salt application with P (i.e. RAM and EGF). The GHP soil is an exception to this generalized concept due to the relatively greater Ca EX in GHP soil compared with that of RAM and EGF soils. Since the increase in P solubility with (NH 4 ) 2 CO 3 in soils (group 2) was not as large as the increase in P solubility with sulphate salts (group 1), application of (NH 4 ) 2 CO 3 with P was not as useful as sulphate salt application.
The parameter, Ca HCl :Ca EX provided some clues of the beneficial role of co-application of salts with P to Manitoba soils. Soils with Ca HCl :Ca EX ratio of 2-4 showed an increase in waterextractable P for either sulphate or carbonate salt application with P (Fig. 6 ). Such findings indicate that the effect of co-application of salts on P solubility is specifically controlled more by Ca 2+ than any other soil property in Manitoba soils. However, in the current study, it was not possible to derive a definite Ca HCl :Ca EX ratio to clearly demarcate the positive and negative roles of carbonate and sulphate salts on P solubility in different soils. Further studies with a larger number of soils are recommended to derive more precise relationships between the salt effect and Ca EX :Ca HCl . It would be more useful to measure additional soil properties, processes and the ratio of Ca EX :Ca HCl to derive an indicator of the potential use of sulphate or carbonate salt to enhance P solubility in calcareous soils. Specifically, volatilization of ammonia from the surface of the soil during the soil incubation with salts applied on surface can significantly change the results for the ammonium sulfate treatments from what could be expected in the field. Moreover plant availability of P has to be evaluated against the different salt combinations that showed an increase in water-extractable P in soil. 
CONCLUSIONS
The effect of sulphate and carbonate salt on the solubility of MAP and MPP in different Manitoba soils was significantly influenced by soil type and the type of salt applied. The two most important soil properties which controlled the behaviour of salts and their effect on P solubility were Ca EX and Ca HCl . Most of the soils with low Ca HCl :Ca EX ratio showed an increase in P solubility due to co-application of either sulphate or carbonate salts. Future studies are suggested to further develop the relationship between Ca EX :Ca HCl ratio and P solubility in a larger number of soils.
Our study provided valuable insights into the interaction between salts and P solubility that have an implication for site-specific fertilizer recommendations for enhanced P availability.
However, caution must be exercised when extrapolating the results from a controlled laboratory environment to the field environment due to the inherent limitations in a laboratory experiment such as destruction of soil structure, lack of plant growth, disturbed microbial dynamics etc.
Therefore, P and salt combinations should be tested and validated in full-scale field conditions prior to making general recommendations. Figure S1 . Water-extractable P under different treatments with, a) monopotassium phosphate b) monoammonium phosphate. MPP is monopotassium phosphate and MAP is monoammonium phosphate.
